A fast scanning fiber-based system of Mueller-matrix optical coherence tomography was built to characterize the polarization properties of biological tissues with high spatial resolution. A polarization modulator with its fast-axis oriented at 45º in the source arm of the Michelson interferometer, driven by a sinusoidal wave, was used to continuously modulate the incident polarization states of both the sample and the reference arms. Two detection channels were used to detect the horizontal and vertical polarization components of the interference signals, which were used to calculate the roundtrip Jones matrix of the sample. The roundtrip polarization parameters of the sample were calculated from the measured Jones matrix. The system was successfully tested for both standard optical polarization elements and various types of biological samples.
INTRODUCTION
Polarization-sensitive optical coherence tomography (PS-OCT) 1 can provide polarization-based contrast in addition to the amplitude-based contrast provided by conventional OCT. In polarimetry, the polarization properties of a nondepolarizing sample can be completely characterized by either a Jones matrix or a Mueller matrix. Upon measuring the Jones or Mueller matrix, various polarization parameters can be calculated. Mueller-matrix OCT 2,3 is a branch of PS-OCT that can provide complete characterization of the polarization properties of biological tissues with high spatial resolution by measuring the depth-resolved Jones or Mueller matrix. In previous versions of multi-channel Muellermatrix OCT, two light sources with orthogonal polarization states and two detection channels were used to acquire the Jones matrix of a sample with a single measurement. In this paper, we report on a new Mueller-matrix OCT system that uses a single light source and a polarization modulator, which continuously modulates the incident polarization states for both the sample and the reference arms. The system is capable of acquiring the Jones matrix of a sample in vivo with a single measurement.
EXPERIMENTAL SETUP
A schematic of the experimental system is shown in figure 1 . A superluminescent diode (SLD, center wavelength: 1.3 um, 3 dB bandwidth: 70 nm, output power: 10 mW) is used as the low coherence light source. The source light is vertically polarized by a linear polarizer. A polarization modulator driven by a sinusoidal wave is used to continuously modulate the source polarization state. The fast axis of the polarization modulator is oriented at 45º. To satisfy the requirement for calculating the Jones matrix 2, 3 and to preserve the spatial resolution of OCT, the modulation must be fast enough to ensure that several cycles of polarization states are applied to each pixel of the OCT image. The reference arm and the sample arm are composed of single mode optical fibers. A linear polarizer (LP) oriented at -45º is placed in the reference arm to set the reference polarization state. A grating-based rapid scanning optical delay line (RSOD) is used for the depth scan. The combined sample and reference light is split into horizontal and vertical polarization components by a polarizing beam splitter (PBS). The two orthogonal polarization components of the interference signal are detected by two photodiodes, PDH and PDV, respectively. The detected interference signals are high-pass filtered by an analog filter (Standford SR 650), digitized by a 12-bit data acquisition board (NI DAQ, PCI-MIO-16E), and processed by a computer. The system is capable of acquiring a full Jones matrix image of 2mm×2mm with a frame rate as high as 2 fps. 
ALGORITHM FOR JONES MATRIX CALCULATION
The Jones matrix of the polarization modulator J m can be expressed as
where ϕ is the phase retardation of the polarization modulator. The incident Jones vector i E for both the sample and the reference arms can be expressed as
The output Jones vector o E of the sample arm can be expressed as
where T J is the round-trip Jones matrix of the sample arm.
The output Jones vector of the reference arm can be expressed as
where rh E and rv E have the same phase r ϕ and are functions of the round-trip Jones matrix of the single mode optical fiber in the reference arm. 
where m ω is the angular frequency of the driving wave, we can derive
where k is the center wave number of the light source in the vacuum; z the path length difference between the reference and sample arms; As a result, the Jones matrix of the sample arm can be calculated from two measured frequency terms in the horizontal and vertical detection channels. One term has a frequency that is determined by the depth scan (the carrier frequency), and the other term has the beat frequency between the modulation frequency of the polarization modulator and the carrier frequency. Other frequency terms can also be used in the calculation of T J .
A single-mode optical fiber alters the polarization state of the guided light due to its inherent birefringence. Furthermore, the birefringence varies with the bending and twisting of the fiber, which can result in dynamic distortions in the polarization images. Since the sample arm is composed of the sampling fiber and the sample, a dynamic calibration technique is required to eliminate the polarization distortions in T J that are introduced by the sampling fiber. J . The offset γ depends on the parameters of the sampling fiber only. This offset is a constant in a frame of image as long as the parameters of the sampling fiber are kept constant during the image acquisition of each frame, which is the case when the fast lateral scanning of OCT does not move the sampling fiber. Therefore, a relative distribution of the orientation of the birefringence can be retrieved. If the parameters of the sampling fiber are varied among the A scans, which is true when the lateral scanning in OCT does move the sampling fiber, γ will differ among the A lines. In this case, if the orientation of the birefringence of the surface layer is constant, or known a priori, or if a known thin retarder is attached to the sample as the first layer, γ can be eliminated. In either case, the round-trip retardation of the sample, 
EXPERIMENTAL RESULTS
We tested the OCT system by imaging different types of biological samples in vivo. Fig. 2 shows the intensity image and the calculated retardation image of a piece of porcine tendon, respectively. The measured Jones matrix at the sample surface is used to eliminate the polarization effect of the sampling fiber. The sample beam was transversely scanned with a step size of 10 µm. The digitized interference signals were first band-pass filtered and then Hilbert transformed by the software to extract the analytical signals of each polarization component. Two-dimensional (2D) images were formed from the A-scans and then median filtered. Clear band structures can be seen in the retardation image. There is no such band structure present in the intensity image, which is the image of the M 00 element of the corresponding Mueller matrix. The band structure distributes quite uniformly in the measured region; therefore, the birefringence is also uniform in the measured area. Figure 3 shows the intensity and retardation images of the skin of a rat tail measured in vivo. After the rat was anesthetized (ketamine 60 mg/kg, IM) and the hair of the tail was removed with hair remover lotion, the tail was scrubbed with glycerin. The intensity image and the retardation image reveal different information about the sample. The retardation image reveals the birefringence characteristics of the sample. In the retardation image, the dermal structures of the rat skin can be seen clearly. a b HS DP Fig. 3 . The intensity image (a) and retardation image (b) for rat tail skin measured in vivo. The intensity image is on a logarithmic scale while the retardation image is on a linear scale. The color bar for the retardation image is the same as in Fig. 2 . Image height: 1mm. HS: hair shaft; DP: dermal papilla.
In conclusion, we developed a novel fiber-based Mueller-matrix optical coherence tomography that enables the acquisition of a round-trip Jones matrix of biological samples using a single broadband source and a single measurement. A polarization modulator is used to continuously modulate the polarization state of the source. The Jones matrix of the sample arm can be calculated from two frequency terms in the two detection channels. By measuring the round trip Jones matrices of the sampling fiber from the reflecting surface of the sample, the fiber-induced polarization distortion can be eliminated and the Jones matrix of the sample can be extracted. The system was successfully applied to imaging biological samples.
